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Abstract
We study the geodesic motion of massless test particles in the background of a magnetic charged
black hole spacetime in four dimensions in dilaton-Maxwell gravity. The behaviour of effective
potential in view of the different values of black hole parameters is analysed in the equatorial
plane. The possible orbits for null geodesics are also discussed in detail in view of the different
values of the impact parameter. We have also calculated the frequency shift of photons in this
spacetime. The results obtained are then compared with those for the electrically charged stringy
black hole spacetime and the Schwarzschild black hole spacetime. It is observed that there exists
no stable circular orbit outside the event horizon for massless test particles.
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I. INTRODUCTION
Black holes (BHs) arising in Einstein’s General Relativity (GR) are one of the most fas-
cinating objects in the universe [1]. GR has developed into an essential tool in modern
astrophysics which provides the foundation for the current understanding of BHs. The most
general spherically symmetric, vacuum solution of the Einstein field equations in GR is the
well known Schwarzschild black hole (SBH) spacetime [1, 2]. Further, a static solution to the
Einstein-Maxwell field equations, which corresponds to the gravitational field of a charged,
non-rotating, spherically symmetric body is the Reissner-Nordstro¨m spacetime [1, 2]. The
study of charged BHs may helpful to understand more general spacetimes with sources im-
mersed into spherically symmetric matter backgrounds [3]. Next, Kerr black hole spacetime
is a rotating generalization of the SBH spacetime and the Kerr-Newman BH spacetime which
is a solution of Einstein-Maxwell equations in GR, describes the spacetime geometry in the
region surrounding a charged rotating mass [4, 5].
In addition to the abovementioned BH spacetimes those arise in GR, there are BH space-
time solutions in various alternative theories of gravity viz. scalar-tensor theory [6], string
theory [7] and loop quantum gravity [8] etc.. In particular, the string theory is an important
candidate for unifying gravity with other three fundamental forces in nature and therefore
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BH spacetimes emerging in the string theory are of much interest as they may provide much
deeper insight into the various properties of BH spacetimes than the BH spacetimes in GR
[9, 10]. Lower dimensional charged dilaton BH has a connection to the lower dimensional
string theory and hence it might act as a tool to study lower dimensional string theory
[9–12].
The study of geodesic structure of massless particles in a given BH spacetime is one of the im-
portant ways to understand the gravitational field around a BH spactime. The geodesic mo-
tion around various BH spacetimes in diverse contexts (for timelike as well as null geodesics),
both in GR and string theory, are studied widely time and again [13–36].
The primary aim of the present work is to study the null geodesics in a four dimensional
spherically symmetric BH spacetime with magnetic charge, obtained from the low energy
effective action in string theory [37, 38]. The circular timelike and null geodesics in equato-
rial plane are discussed with some new results recently [39]. Also the unstable circular orbit
of photons for electrically charged black hole (ECBH) in string frame is already discussed
[14]. Other than the circular orbit, we are also interested in all other kind of possible orbits
depending upon the value of the impact parameter.
This paper is organised as follows. A brief introduction to the spacetime considered is
presented in the next section. We solve the geodesic equations for null geodesics for mag-
netically charged black hole (MCBH) spacetime and discuss the effective potential for BH
parameters in section III. We also analyze the photon orbits and then compare the results
with the ECBH and SBH. As one of the measurable effect of GR, we have also calculated the
frequency shift for the MCBH. Finally, in the last section, we have summarized our results
with future possibilities.
II. MAGNETICALLY CHARGED BLACK HOLE SPACETIME IN STRING THE-
ORY
In 3 + 1 dimensions, Garfinkle, Horowitz and Strominger [38] have obtained asymptotically
flat solutions representing the BHs in dilaton-Maxwell gravity. Such solutions as a specific
feature, represent the electric and dual magnetic BHs [38]. The metric for the MCBH can
be deduced from the ECBH by an electromagnetic duality transformation and is given as,
ds2 = −(1 −
2m
r
)
(1− Q2
mr
)
dt2 +
1
(1− 2m
r
)(1− Q2
mr
)
dr2 + r2dΩ2, (1)
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where Q is the magnetic charge and m is the mass of the BH while dΩ2 = dθ2 + sin2 θdφ2
represents a metric on a two dimensional unit sphere. Event horizon of the BH is situated
at r = 2m and the singularity occurs at r = Q
2
m
. The metric for the (corresponding) ECBH
is given as,
ds2 = − (1−
2m
r
)
(1 + 2m sinh
2(α)
r
)2
dt2 +
1
(1− 2m
r
)
dr2 + r2dΩ2, (2)
where m is the mass of BH and α is a parameter related to the electric charge. The position
of event horizon is at r = 2m and curvature singularity occurs at r = 0. One important
feature to note is that the string coupling is strong near singularity for the MCBH while
it is weak for the ECBH [38]. The spacetime geometry of these dual BH solutions are
causally similar to Schwarzschild geometry. In the respective limits of Q = 0 and α = 0, the
abovementioned spacetimes reduce to the SBH spacetime.
III. NULL GEODESICS FOR MAGNETICALLY CHARGED BLACK HOLE
In this section, we study the radial and non radial null geodesics alongwith the possible orbit
structure for spacetime given by eq.(1) in the equatorial plane (i.e. θ = pi/2). The geodesic
equations and constraints for null geodesics are given as, x¨a + Γabcx˙
bx˙c = 0 and gabx˙
ax˙b = 0
respectively [33] (where dot denotes the differentiation with respect to an affine parameter).
Now using the geodesic equations their first integrals can be expressed as,
t˙ =
E(mr −Q2)
m(r − 2m) , (3)
φ˙ =
L
r2
. (4)
The constraint on null geodesics for the line element given by eq.(1) reads as,
− (1−
2m
r
)
(1− Q2
mr
)
t˙2 +
[
(1− 2m
r
)(1− Q
2
mr
)
]−1
r˙2 + r2(θ˙2 + sin2 θφ˙2) = 0. (5)
Further using equation (4) and equation (5), the radial velocity in the equatorial plane is
given as,
r˙2 = L2
[
(mr −Q2)2
D2m2r2
− (r − 2m)(mr −Q
2)
mr4
]
, (6)
where D = L/E is the impact parameter [1, 2]. Hence the effective potential for null
geodesics is defined as,
V (r) = L2
[
(r − 2m)(mr −Q2)
mr4
− (mr −Q
2)2
D2m2r2
]
. (7)
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In case of null geodesics, the impact parameter plays a similar role as that of the energy
of the incoming test particle in case of timelike geodesics [1]. Hence, the types of orbit for
massless test particles (i.e. photons) depend on their impact parameter.
III.1. Radial null geodesics
The radial geodesic corresponds to the trajectory for incoming photon with zero angular
momentum (i.e. L = 0). For radial null geodesics the effective potential given in eq.(7)
leads to,
Veff = − E
2
m2r2
(mr −Q2)2, (8)
and the radial velocity given in eq.(6) reduces to,
r˙ = ±E(mr −Q
2)
mr
. (9)
In order to obtain the coordinate time t as a function of radial distance r, we divide eq.(4)
by eq.(9)which leads to,
dt
dr
= ± r
(r − 2m) . (10)
On integrating eq.(10),
t = ±[r + 2m ln(r − 2m)] + constant. (11)
In the limit r −→ 2m, t −→ −∞. Similarly the proper time τ can be obtained as a function
of radial distance r and on integrating the eq.(9),
τ = ± 1
E
(
r +
Q2 ln(−mr +Q2)
m
)
+ constant, (12)
when r −→ 2m, τ −→ ± 1
E
(
2m+ Q
2 ln(−2m2+Q2)
m
)
. The radial geodesics pass through the
horizon in a finite proper time, while it takes an infinite time to reach the horizon as shown
in fig.(1a) and fig.(1b). We will use m = 0.5, throughout afterwards for the purpose of
numerical computations.
III.2. Geodesics with angular momentum
Now, let us discuss the null geodesics with angular momentum (i.e. L 6= 0). The effective
potential for non-radial null geodesics is given by,
V (r) = L2
[
(r − 2m)(mr −Q2)
mr4
− (mr −Q
2)2
D2m2r2
]
. (13)
5
FIG. 1. Radial motion of an incoming photon, with E = 1 and Q = 2; for (a) coordinate time; (b)
proper time. Vertical solid line represents the position of event horizon (rH) at r = 2m in both (a)
and (b).
In order to study the nature of the effective potential for null geodesics, we have considered
a specific set of parameters as depicted in Table I alongwith the different conditions for
the impact parameter. Dc is the value of impact parameter corresponding to the unstable
circular photon orbit.
TABLE I. Different conditions on charge and mass parameters.
Case Mass (m) Charge (Q)
(a) Q2 ≈ 2m2 0.5 0.7
(b) Q2 > 2m2 0.5 1
(b) Q2 < 2m2 0.5 0.4
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FIG. 2. D = Dc : Variation of effective potential with angular momentum for three different cases
as mentioned in Table I, where rH represents the position of the event horizon.
FIG. 3. D > Dc: Variation of effective potential with angular momentum for three different cases
mentioned in Table I. rH is the position of the event horizon.
The variation of effective potential is presented in fig.(2), fig.(3) and fig.(4) with a finite
value for angular momentum L of the incoming photon while other parameters are fixed.
The nature of effective potential is qualitatively similar for the cases D = Dc and D > Dc
as the height of effective potential increases with increasing the value of angular momentum
see figs.(2) and (3). While this nature is found to be reversed for the case D < Dc, as seen
in fig.(4). The difference in the corresponding orbit structures due to this difference in the
nature of effective potential is discussed in detail later in this section.
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FIG. 4. D < Dc: Variation of effective potential with angular momentum for three different cases
mentioned in Table I, where rH denotes the event horizon.
FIG. 5. Comparative view of the nature of effective potential for three different cases of impact
parameter, (a)D = Dc, value of Dc for S, E and M is 2.5980, 2.8852 and 2.2974 respectively;
(b) D ( = 3.5) > Dc; (c) D ( = 1) < Dc, with Q = α = 0.4 and L = 4. rH (represented by
vertical line) is the position of event horizon; S, E and M represent the SBH, ECBH and MCBH
respectively.
From the representative plots of the effective potential presented in fig.(5), one can observe
the shift of the potential energy curve for MCBH and ECBH from the corresponding curve
for SBH, with different conditions of impact parameter.
III.3. Analysis of photon orbits
To analyse the angular motion of photons, the corresponding orbit equation can be obtained
by eliminating parameter τ from eqn.(6) and eqn.(4) as,
dφ
dr
=
L
r2
1√−Veff , (14)
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which can be recast as, (
dr
dφ
)2
= f(r), (15)
where
f(r) = r4
[
−2Q
2
r4
+ J
1
r3
+K
1
r2
− 2 Q
2
D2m
1
r
+
1
D2
]
,
with
J =
Q2
m
+ 2m and K =
Q4
D2m2
− 1.
In order to investigate the nature of orbits, we use a variable as u = 1
r
, so the eq.(15) leads
to, (
du
dφ
)2
= f(u), (16)
where f(u) is given as,
f(u) = −2Q2u4 + Ju3 +Ku2 − 2 Q
2u
D2m
+
1
D2
. (17)
The null geodesics depends on the roots of the equation f(u) = 0 [2, 15]. All the possible
orbits for null geodesics in view of the different values of impact parameter D can now be
discussed accordingly.
Case (a) : For D = Dc
Using the condition for circular orbit [15],
r˙ = 0⇒ Veff(r) = 0, (18)
along with V ′eff = 0
1, one can obtain the radius of the circular orbit as,
r± =
(Q2 + 6m2)±
√
Q4 − 20m2Q2 + 36m4
4m
. (19)
A stable (unstable) circular orbit requires V ′′(r) > 0(< 0), which corresponds to minimum
(maximum) of the effective potential. Therefore the radius of unstable circular orbit (rc)
occurs at,
rc =
Q2 + 6m2 +
√
Q4 − 20m2Q2 + 36m4
4m
. (20)
Since with Q→ 0, the MCBH reduce to the SBH and the corresponding value of rc given in
eq.(20) also reduces to 3m which is the exact value of the radius of unstable circular orbit
1 where ′ denotes the differentiation w.r.t. r
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for SBH. Here, rc is independent of the parameters E and L. For circular orbits, the impact
parameter is given as,
D2c =
L2c
E2c
=
r2c (mrc −Q2)
m(rc − 2m) . (21)
Again as Q→ 0, D2c = 27m2, which is the value of impact parameter for Schwarzschild BH
[2]. Similarly the impact parameter for circular orbits for ECBH given in eqn.(2) is given
as,
DEc =
√
rc(rc + 2msinh2α)2
rc − 2m . (22)
Now f(u) given in eq.(17) has a real root at u4 = m/Q
2 and hence it can also be written as,
f(u) = 2(m−Q2u)g(u),
where
g(u) = u3 − u
2
2m
− Q
2u
2D2m2
+
1
2mD2
. (23)
The roots of g(u) are related as,
u1 + u2 + u3 =
1
2m
,
u1u2u3 = − 1
2mD2
. (24)
The circular orbit exists when f(u) has a real doubly degenerate root (u2 = u3 = uc) and
hence
f(u) = 2(m−Q2u)(u− uc)2(u− u1), (25)
where u1 = (1/2m)− 2uc.
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The trajectory of a photon with D = Dc is presented in fig.(6). The orbit equation given
in eq.(16) is integrated by using eq.(25). Hence, the analytic solution for the circular orbit
reads as,
u(φ) =
Q4ucu
2
1 − 4mAu1 +Buc + (−2mQ2 + 2Q2A)u1uc
Q4u21 − (2mQ2 + 2Q2A)u1 + 4Q2Auc − 2mA +m2 + A2
, (26)
where ,
A = exp
(√
2(Q2uc −m)(−uc + u1)
)
(φ+ φ0),
B = A2 + 2mA+m2. (27)
With initial condition u = 0, φ = 0, the constant of integration φ0 is given as,
φ0 =
1√
2(Q2uc −m)(−uc + u1)
ln
(−muc −Q2u1uc + 2mu1 − 2(Q2uc −m)(−uc + u1)√−mu1
uc
)
.
(28)
rcrc
-2 -1 1 2
-2
-1
1
2
(b)
r4 rc
-2 -1 1 2
-2
-1
1
2
HcL
FIG. 6. (a) f(u) represents the shaded allowed region for the motion of photons with a positive
root at points u4 and a degenerate root at uc (where the unstable circular orbit exists), with D =
2.29 and Q = 0.4; (b) Solid line represents the unstable circular orbit with radius rc = 1.43 for a
photon starting from infinity; (c) Solid line represents a bound orbit spiralling around the circular
radius rc starting form the singularity. In fig.(a), u is used as a coordinate while r is used as a
coordinate in figs. (b) and (c).
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FIG. 7. Comparative view of unstable circular orbits for SBH, ECBH and MCBH, represented by
curves S, E and M respectively, with Q = α = 0.4. Numerical values of the corresponding radius
for unstable circular orbits are rSc = 1.5, r
E
c = 1.55 and r
M
c = 1.43.
One may observe from fig.(7) that the radius of unstable circular orbit is smallest for MCBH
and rMc < r
S
c < r
E
c . Hence, in comparison to the SBH, the gravitational field of MCBH is
more attractive in nature while the gravitational field for ECBH is rather repulsive. This
particular nature of the gravitational field around the respective BH spacetime can also be
confirmed from the nature of respective effective potentials as depicted in fig.(5a).
The Time Period:
The time period for unstable circular orbit can be calculated for proper time as well as coor-
dinate time with φ = 2 pi[14]. For MCBH, on integrating eq.(4) for one complete time period,
Tτ =
2pir2c
L
, (29)
represents the time period in proper time while dividing eq.(4) with eq.(4) and integrating
for one complete time period,
Tt = 2pi
rc
√
mrc −Q2√
m(rc − 2m)
, (30)
represents the time period in coordinate time. The corresponding expressions for ECBH
are,
Tτ,E =
2pir2c
L
, (31)
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and
Tt,E = 2pi(rc + 2msinh
2α)
√
rc
rc − 2m
. (32)
In the limits Q → 0 and α → 0, the expressions for orbital time periods in proper time (
Tτ and Tτ,E) and coordinate time ( Tt and Tt,E ) reduce exactly to that for the SBH i.e,
Tτ,S =
2pi(3m)2
L
and Tt,S = 3
√
3m.
FIG. 8. Variation of time periods for; (a)coordinate time and (b)proper time with mass m where
SBH, ECBH and MCBH, represented by the curves S, E and M respectively; with Q = α = 0.4.
Fig.(8) depicting the time periods for all three BHs clearly shows that the time periods for
MCBH are smaller than SBH while the respective values are larger for the case of ECBH.
This result is in agreement with the results obtained from the comparison of radius of
unstable circular orbits and the nature of effective potentials for the BHs.
Frequency Shift:
Here, as one of the optical phenomenon, we calculate the combined gravitational and Doppler
frequency shift for MCBH in the equatorial plane. The Keplerian angular frequency of the
circular geodesics relative to distant observers is given by,
Ω =
dφ
dt
. (33)
Using eq.(4) in eq.(33), we obtain,
Ω =
L
E
(1− 2m
r
)
r2
(
1− Q2
mr
) . (34)
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From the general expression for the frequency shift in equatorial plane [22], the frequency
shift for MCBH is given by,
1 + z =
√
(1− 2m
r
)√
(1− Q2
mr
)
[
1− D2
r2
(
1− 2m
r
1−Q
2
mr
)] . (35)
The frequency shift depends on the charge parameter of the BH. As the frequency shift
increases, the observed frequency of the photon decreases which gives an equivalent increase
in the corresponding wavelength of the photon. Hence for positive frequency shifts, the
photon is redshifted. Again stronger is the gravitational field of the gravitating source, larger
will be the energy loss by the incoming photon and larger will be the observed redshhift.
FIG. 9. Variation of frequency shift with charge parameter for MCBH and ECBH.
Fig.(9) depicts the comparative redshifts in the equatorial plane for MCBH and ECBH at
some particular radial distance r. The redshift for photons around the MCBH is increasing
with increase in the magnetic charge while it decreases for the case of ECBH. Hence at
fixed radial distance r, the gravitational field of MCBH strengthens if magnetic charge is
increased while the the gravitational field of ECBH weakens if electric charge is increased.
The Cone of Avoidance:
If now a point source at a given distance r of the centre emits light isotropically into all
directions, a part of the light will be captured by the BH, while another part can escape. It
is clear that the critical orbits are at the limit of infall or escape. These orbits define a cone
with half opening angle Ψ. The cone of avoidance is defined by null rays being its generator,
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described by the eq.(26), passing through that point [2, 17]. If Ψ denotes the half angle of
the cone then,
cotΨ =
1
r
dr˜
dφ
, (36)
where r˜ is the proper length along the generators of the cone,
dr˜ =
1√
(1− Q2
mr
)(1− 2m
r
)
dr. (37)
Now, using eq.(16) and eq.(37) in eq.(36),
tanΨ =
u
√
1− 2mu√
2m(u− u1)(u− uc)2
. (38)
When u → uc(r → rc),Ψ → pi2 and when u → 0(r → ∞),Ψ ≈ (1r )
√
−1
2mu1u2c
. In the limit
Q → 0, Ψ approaches to the corresponding values for the SBH. One can immediately see
that at large distances the cone is narrow, and most of the light escapes. For r = rc, exactly
half of the light is being captured by the BH. For r = 2m, Ψ = 0 and therefore the horizon
is the final frontier from where photon cannot escape and at larger distances Ψ depends on
the corresponding charge of the BH.
Case (b) : Photon orbits with D > Dc
Now, let us choose the value of impact parameter D = 3.5, which is larger than the impact
parameter for the case of unstable circular orbit for all three BHs discussed. As shown
in Fig.(10a), f(u) has three positive real roots for D > Dc. Hence to obtain the analytic
solution of orbit, f(u) can be expressed as f(u) = −Q2(u − u1)(u− u2)(u− u3)(u − u4) in
eq.(16), which on integration yields,
φ+ φ0 = − P
√
2√
−Q2 (u1 − u3) (u2 − u4)
, (39)
where,
P = Elliptic F
(√
(u1 − u3) (−u+ u4)
(u1 − u4) (−u+ u3) ,
√
(−u3 + u2) (u1 − u4)
(u2 − u4) (u1 − u3)
)
. (40)
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FIG. 10. (a) f(u) represents the shaded allowed region for the motion of photons with four real
roots at points u1, u2, u3 and u4, with D = 3.5, Q = 0.4 and m = 0.5;(b) Solid line represents
the fly-by orbit for the null geodesics approaching the BH from infinity with a turning point at r2
and again flying back to infinity; (c) Solid line represents a bound orbit from r3 to r4. In fig.(a) u
is used as a coordinate while r is used as a coordinate in figs. (b) and (c).
FIG. 11. Comparative view of fly-by orbits for null geodesics with Q = α = 0.4; where curves S,
E and M represent the SBH, ECBH and MCBH respectively.
The structure of fly-by orbits (or scattering orbits) is qualitatively similar for all the three
BHs discussed. One can observe from fig.(11) that the turning point for the corresponding
fly-by orbit is farthest for MCBH and rE < rS < rM .
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Case (c) : Photon orbits with D < Dc
To analyse the orbit structure for D < Dc, the impact parameter is now fixed at D = 1.
Integrating eq.(16), we obtain the same solution as in eqn.(39) but now u2 and u3 are
imaginary.
FIG. 12. (a) f(u) represents the shaded allowed region for the motion of photons with two
real roots at points u1 and u4, with D = 1, Q = 0.4 and m = 0.5;(b) Solid line represents the
terminating escape orbit for the null geodesics approaching the BH from infinity to r4 while r4
lies inside the event horizon of the BH. In fig.(a) u is used as a coordinate while r is used as a
coordinate in fig.(b).
FIG. 13. Comparative view of terminating escape orbits with Q = α = 0.4; where S, E and M
represent the SBH, ECBH and MCBH respectively.
17
One can observe from fig.(13) that rE < rS < rM similar to the case of D > Dc and
the terminating escape orbits, end up at the corresponding curvature singularity of the BH
spacetime. Hence for MCBH the orbit terminates at point r4 while for SBH and ECBH the
terminating point is at r = 0.
IV. DISCUSSION AND CONCLUSION
In this article, we have investigated the geodesic motion for null geodesics in the back-
ground of a MCBH arising in string theory and some of the important results obtained are
summarised below.
• The nature of effective potential for MCBH is qualitatively similar to that of SBH
and ECBH. But, as the impact parameter for the incoming photon changes w.r.t.
the corresponding value for the unstable circular orbit, the attractive nature of the
effective potential changes accordingly. This change in the nature of effective potential
manifests in the corresponding orbit structure also.
• The different types of orbits (such as unstable circular orbit, fly-by orbit, terminating
escape orbit, bound orbit) are present for the incoming photons, corresponding to
the value for the impact parameter. No stable circular orbits are present for the null
geodesics.
• The gravitational field of MCBH is found to be more attractive in nature than SBH
and ECBH, for the incoming photons with D = Dc. This effect is manifested in the
results of the radius of unstable circular orbit, time period for proper time as well as
coordinate time and frequency shift for null geodesics.
• The attractive nature of gravitational field of MCBH strengthens as the magnetic
charge increases while for ECBH it weakens as electric charge increases. Interestingly
as the impact parameter differs from Dc, the gravitational field of MCBH becomes
more repulsive than SBH and ECBH.
• Cone of avoidance for large distances is found to depend on the respective charges of
MCBH and ECBH. At larger distances, the cone is narrow and therefore most of the
photons can escape from there.
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We believe that the result obtained herewith would be useful in the study of gravita-
tional lensing around the charged BHs in the string theory and we intend to report on
this issue in near future.
ACKNOWLEDGMENTS
The authors would like to thank Department of Science and Technology, New Delhi for the
financial support through grant no. SR/FTP/PS-31/2009. The authors are also thankful
to Buddhi V Tripathi for the useful discussions and comments.
[1] J. B. Hartle.: Gravity: An Introduction To Einstein’s General Relativity. (Pearson Education
Inc., Singapore, 2003).
[2] S. Chandrasekhar.: The Mathematical Theory of Black Holes. (Oxford Uni. Press, New York,
1983).
[3] D. Pugliese , H. Quevedo, and R. Ruffini.: Motion of charged test particles in Reissner-
Nordstro¨m spacetime. Phys. Rev. D83, 104052 (2011).
[4] Bernard F. Schutz.: A first course in general relativity. (Cambridge University press, Cam-
bridge, 1983).
[5] Hackmann, Eva and Xu, Hongxiao.Charged particle motion in Kerr-Newmann space-times.
Phys. Rev. D87, 124030 (2013).
[6] Y. Fujii and K. Maeda.: The Scalar-Tensor Theory of Gravitation. (Cambridge University
press, Cambridge, 2003).
[7] David Tong.: String Theory. arXiv: 0908.0333 [hep-th] (2009).
[8] Thomas Thiemann.: Lectures on loop quantum gravity. arXiv: gr-qc/0210094 (2003).
[9] Sayan Kar.: Naked singularity in low energy, effective string theory. ACGD85, 104037 (2012).
[10] A. Sen.: Rotating Charged Black hole Solution in Heterotic String Theory. Phys. Rev. Lett.
69, 1006 (1992).
[11] S. Mignemi and N. R. Stewart.: Charged black holes in effective string theory. Phys. Rev.
D47, 5259 (1993).
[12] G. W. Gibbons and K. Maeda.: Black Holes and Membranes in Higher Dimensional Theories
with Dilaton Fields. Nucl. Phys. B298, 741 (1988).
19
[13] Mariusz P. Dabrowski and Arne L. Larsen: Null strings in Schwarzschild space-time. Phys.
Rev. D55, 6409-6414 (1997).
[14] S. Fernando.: Null geodesics of Charged Black Holes in String Theory. Phys. Rev.D85, 024033
(2012).
[15] S. Fernando.: Schwarzschild black hole surrounded by quintessence: Null geodesics. Gen. Rel.
Grav. 44, 1857 (2012).
[16] S. Fernando and Scott Meadows and Kevon Reis.: Null trajectories and bending of light in
charged black holes with quintessence. arXiv: 1411.3192 [gr-qc] (2014).
[17] Norman Cruz, Marco Olivares and R. J. Villanueva.: The geodesic structure of the
Schwarzschild Anti-de Sitter black hole. Class. Quant. Grav. 22, 1167-1190 (2005).
[18] D. Pugliese and H. Quevedo and R. Ruffini.: Circular motion of neutral test particles in
Reissner-Nordstro¨m spacetime. Phys. Rev. D43, 3140 (1991).
[19] Kenta Hioki and Umpei Miyamoto.: Hidden symmetries, null geodesics, and photon capture
in the Sen black hole. Phys. Rev. D78, 044007 (2008).
[20] A. Bhadra.: Gravitational lensing by a charged black hole of string theory. Phys. Rev. D67,
103009 (2003).
[21] Parthapratim Pradhan and Parthasarath Majumdar.: Circular Orbits in Extremal Reissner
Nordstrom Spacetimes. Phys. Lett. A375, 474-479 (2011).
[22] Zdeneˇk Stuchl´ik and Jan Schee.: Circular geodesic of Bardeen and AyonBeatoGarcia regular
black-hole and no-horizon spacetimes. Int. J. Mod. Phys. D24, 1550020 (2014).
[23] Jan Schee and Zdenek Stuchlik.: Profiles of emission lines generated by rings orbiting
braneworld Kerr black holes. Gen. Rel. Grav. 41, 1795-1818 (2009).
[24] R. Koley, S. Pal, and S. Kar.: Geodesics and geodesic deviation in a two-dimensional black
hole. Am. J. Phys. 71, 1037 (2003).
[25] R. Uniyal, H.Nandan, and K. D. Purohit.: Geodesic Motion in a Charged 2D Stringy Blackhole
Spacetime. Mod.Phys.Lett. A29, 1450157 (2014).
[26] R. Uniyal, N. Chandrachani Devi, H.Nandan, and K. D. Purohit.: Geodesic Motion in
Schwarzschild Spacetime Surrounded by Quintessence. Gen. Rel. Grav. 47, 16 (2015).
[27] Eva Hackmann.: Geodesic equations in black hole space-times with cosmological constant. Ph.
D. Thesis, (University of Bremen, Germany)(2010).
[28] Takuya Maki and Kiyoshi Shiraishi.: Motion of test particles around a charged dilatonic black
hole. Class. Quant. Grav. 11, 227-238 (1994).
20
[29] S. Fernando and D. Krug and C. Curry.: Geodesic structure of static charged black hole
solutions in 2+1 dimensions. Gen. Rel. Grav. 35, 1243-1261 (2003).
[30] Eva Hackmann and Valeria Kagramanova and Jutta Kunz and Claus Lammerzahl.Analytic
solutions of the geodesic equation in higher dimensional static spherically symmetric space-
times. Phys. Rev. D78, 124018 (2008).
[31] A. Dasgupta, H. Nandan, S. Kar.: Kinematics of deformable media. Annals Phys. 323, 1621-
1643 (2008).
[32] A. Dasgupta, H. Nandan, and S. Kar.: Kinematics of flows on curved, deformable media. Int.
J. Geom. Meth. Mod. Phys. 6, 645-666 (2009).
[33] A. Dasgupta, H. Nandan, S. Kar.: Kinematics of geodesic flows in stringy Black Hole back-
grounds. Phys. Rev. D79, 124004 (2009).
[34] A. Dasgupta, H. Nandan, and S. Kar.: Geodesic flows in rotating Black hole backgrounds.
Phys. Rev. D85, 104037 (2012).
[35] Suman Ghosh and Sayan Kar and Hemwati Nandan.: Confinement of test particles in warped
spacetimes. Phys. Rev. D82, 024040 (2010).
[36] Ravi Shankar Kuniyal and Rashmi Uniyal and Hemwati Nandan and Alia Zaidi.: Geodesic
flows around charged black holes in two dimensions. Astrophys. Space Sci. 357, 92(2015).
[37] D. Garfinkle, G.T. Horowitz, and A. Strominger.: Charged black holes in string theory. Phys.
Rev. D43, 3140 (1991).
[38] G.T. Horowitz.: The dark side of string theory: Black holes and black strings. arXiv:
[hep-th/9210119] (1992).
[39] Parthapratim Pradhan.: ISCOs in Extremal Gibbons-Maeda-Garfinkle-Horowitz-Strominger
Blackholes. arXiv: 1210.0221 [gr-qc] (2012).
21
